Foveal detection thresholds for luminance-modulated (LM) and contrast-modulated (CM) blobs in the presence of fixed modulation, laterally placed noise blobs (separations of 0-6°) were measured in four observers with normal vision. Detection thresholds measured for LM blobs placed between highly visible LM flankers (1 1 1) and for CM blobs placed between highly visible CM flankers (2 2 2) produces a similar pattern of lateral interaction effects, i.e. masking where the stimuli overlap and facilitation for separations of 4-8Â blob sd units. The region of facilitation is not matched by shallow psychometric function slopes. Detection thresholds measured for LM blobs placed between highly visible CM flankers (2 1 2) are generally facilitatory but relatively raised for separations of 0.5-2°. For CM blobs placed between highly visible LM flankers (1 2 1), facilitation is stronger in the 0.5-2°region. A significant correlation between thresholds and psychometric function slopes is found only for the 2 1 2 condition. We propose a model with two separate but interacting processing streams for the detection of LM and CM targets that may engage different cortical loci.
Introduction
The human visual system is able not only to detect objects defined by variations in luminance or colour, but also objects defined by variations in contrast, texture or binocular disparity but without changes in mean luminance or colour. Such objects, also known as second-order, non-linear or non-Fourier objects, are however invisible to linear neurons and so their detection cannot be accounted for by linear filter models of vision (Chubb & Sperling, 1988; Derrington, Badcock, & Henning, 1993) , nor are they detectable by neurons earlier in the visual system than V1 or equivalent (Baker & Mareschal, 2001) . Our understanding of how second-order cues are extracted from visual targets has largely been derived from motion perception studies. Results of these studies generally indicate that separate linear and non-linear processing streams coexist with evidence coming from psychophysical studies (e.g. Chubb & Sperling, 1988; Solomon & Sperling, 1994) , neurophysiological studies in cats (e.g. Mareschal & Baker, 1998; Zhou & Baker, 1994) and macaques (e.g. Merigan, Nealey, & Maunsell, 1993; O'Keefe & Movshon, 1998) , as well as cortical activity for illusory contours in cat (Sheth, Sharma, Rao, & Sur, 1996) and electrophysiological studies in humans using VEP (Ellemberg et al., 2003) . An alternative view put forward by Benton, Johnston, and McOwan (2000) is that a single stream is capable of dealing with linear and non-linear motion processing.
One of the strongest pieces of evidence to suggest the presence of independent underlying mechanisms for luminance-modulated and contrast-modulated stimuli in spatial vision was found psychophysically by Schofield and Georgeson (1999) , where the lack of facilitatory and masking interactions between luminance-modulated and contrast-modulated stimuli, led to the suggestion of their independent processing. Quantitative modelling of their data however, showed two equally plausible possibilities of either completely independent pathways, or crosstalk between separate pathways. Although both models produced a similar fit, the authors favoured the former as it required fewer degrees of freedom. Other psychophysical evidence, utilising different spatial tasks or targets, has also supported the notion of separate processing mechanisms for first-and second-order spatial images, especially with respect to tasks of spatial summation for blob detection (Sukumar & Waugh, 2007) , lateral spatial interactions in judgements of target perceived strength (Ellemberg, Allen, & Hess, 2004) , target spatial localisation (McGraw, Levi, & Whitaker, 1999 , but see also Waugh & Badcock, 1998) and pattern discrimination (Lin & Wilson, 1996) . Visual electrophysiological studies (Calvert, Manahilov, Simpson, & Parker, 2005) and optical imaging studies in humans using fMRI (Larsson, Landy, & Heeger, 2006) are also supportive. Despite the growing body of literature in support of independence or separateness of processing streams for the detection of luminance-modulated and contrast-modulated spatial targets, and psychophysical characterisation of the underlying mechanisms, the presence and nature of interactions between these stimuli across space for detection, remains unclear.
In this study, we compare lateral spatial interactions between first-order (i.e. luminance-modulated) and second-order (i.e. contrast-modulated) targets in central vision. An observer's threshold for detecting a target can be influenced by the presence of flanking objects. Interactions can be either facilitatory, where the detection threshold is better in the presence of flankers than when presented alone; or inhibitory, where the detection threshold is worse in the presence of flankers, than when presented alone. The effects found previously for luminance-modulated Gabors, either facilitatory or inhibitory (i.e. facilitation or masking), have been found to depend on the properties of the target and flankers, such as their relative phases, orientations, visibilities, directions of movement, chromaticities and spatial frequency compositions, as well as the proximity of the flankers to the target to be detected (Cass & Spehar, 2005; Huang, Mullen, & Hess, 2007; Levi, Klein, & Hariharan, 2002; Polat & Norcia, 1996; Polat & Sagi, 1993 Solomon & Morgan, 2000; Williams & Hess, 1998) .
The facilitation effect between non-overlapping targets is of interest because it may reflect underlying neural connectivity, which may in itself be a valuable tool for addressing similarities and differences in first-and second-order processing loci and mechanisms. As the perception of borders or contours results from the integration of spatially localised input, it is natural to put forward an argument that has a neural basis to explain such an effect. Collinear facilitation, where collinearly oriented patterns enhance detectability, has been found to occur in the early visual cortex (Crook, Engelmann, & Löwel, 2002; Kapadia, Ito, Gilbert, & Westheimer, 1995; Polat & Norcia, 1996; Sterkin, Yehezkel, Bonneh, Norcia, & Polat, 2008) . It has been suggested to result from the spread of signals via long-range connection networks in V1 between cells of like orientation tuning extending for long distances (Cass & Spehar, 2005; Fitzpatrick, 2000; Gilbert, Das, Ito, Kapadia, & Westheimer, 1996; Ts'o, Gilbert, & Wiesel, 1986 ). More recent findings suggest that a single striate neuron can summate information over a larger area than previously thought, and its neural activity is complemented by top-down feedback connections, or 'descending input' from extrastriate areas such as V2, V3, or MT to V1 cells (Angelucci & Bullier, 2003; Angelucci et al., 2002; Bullier, 2001) . All of the studies mentioned above have used first-order targets as stimuli to derive their conclusions. That there are different pathways for first-and second-order processing at least for detection, is largely agreed upon, however the physiological processing locus for second-order information remains ambiguous and inconsistent. Wong, Levi, and McGraw (2005) deduced that detection and lateral interactions for second-order stimuli occur exclusively in higher visual areas, probably V2, as the facilitation effect with second-order stimuli diminished in both eyes of binocularly deprived amblyopic observers (but see Huang, Hess, & Dakin, 2006) . Although Calvert et al. (2005) suggest that contrast-modulated stimuli involve processing that occurs in V2, they mention that it is possible that the second-order, filter-rectify-filter model, does not necessarily require different neural structures from that of first-order processing, but that responses to second-order patterns could be generated within V1, whilst receiving inputs from extrastriate neurons via feedback connections from V2.
Several non-linear sensory models have emerged in order to test different processes for neural facilitation by which flanking stimuli might act upon the response of the target detecting mechanism, e.g. either directly through the transducer response function within the same channel (e.g. Solomon, Watson, & Morgan, 1999) ; by changing signal-to-noise ratios within a channel (Yu, Klein, & Levi, 2002) ; or indirectly through lateral connections which themselves may modify the gain of the responsive filter's transducer function or shift it's operating range to a point of higher sensitivity (e.g. Chen & Tyler, 2001; Zenger & Sagi, 1996) . An alternative and well-supported view to explain the facilitation effect is that the improvement of detection threshold in the presence of visible nearby flankers is due to a reduction of uncertainty in observers. Uncertainty effects have been reported for detection of sinusoidal gratings (e.g. Davis & Graham, 1981; Davis, Kramer, & Graham, 1983; Petrov, Verghese, & McKee, 2006) and aperiodic visual targets (Cohn & Lasley, 1974; Posner, Snyder, & Davidson, 1980) . Petrov et al. (2006) argued that a barely visible target shown on its own requires an observer to attend to a large spatial area, thus increasing uncertainty and attention and leading to an elevation in detection thresholds (Pelli, 1985) . The uncertainty model (Pelli, 1985) assumes that the visual system monitors a set of analysers and is uncertain about which of them carries the signal. It then makes judgements based on the strongest signal present across all monitored local analysers. The signal evoked by the stimulus must exceed the strongest noise signal from a large number of observed unstimulated analysers. A prediction of the Pelli model is that an increase in uncertainty for detection should result in a steeper psychometric function slope (although it is noteworthy that non-linear sensory models, as mentioned above, can also lead to systematic changes in psychometric function slope (Shani & Sagi, 2006) ). Petrov et al. (2006) found a reduction in detection thresholds (i.e. facilitation) and a flattening of their corresponding psychometric function slopes when faint lines and circles identifying the exact position of the target to be detected, were added to visible collinear flanking Gabor patches. The shallower psychometric functions achieved with the extra cues, they argued, were due to reduction of the observers' uncertainty, and thus resulted in better performance and detection thresholds. This explanation provides a simple prediction for the detectability of target stimuli flanked by equally-visible objects that may be defined by similar, or different, characteristics. That is, the pattern of facilitation should be similar. To date, it is not fully understood how the human visual system will respond when a target of a different type is flanked by other objects that can be either similarly-or differently-defined.
The objectives of this study are twofold: (1) to investigate the nature of spatial interactions between luminance-modulated and contrast-modulated stimuli, and (2) to determine whether the uncertainty reduction hypothesis can explain patterns of spatial interaction and if not, whether by default, a neural basis is indicated. By measuring detection thresholds for luminance-modulated and contrast-modulated noise blobs in the presence of very visible flanking blobs, we find that the mechanisms, which process luminance-modulated and contrast-modulated blobs, behave similarly with regards to their lateral interaction patterns. However, this pattern changes when the target and flanking blobs are differently-defined, suggesting that cross-links between pathways exist. The differences in pattern of lateral interaction when target and flanking blobs are differently-defined cannot be explained by uncertainty reduction and are difficult to explain without proposing the existence of neural interactions between separate processing streams that arise from different loci in the visual system. Our results therefore suggest the existence of separate underlying processing mechanisms for LM and CM stimuli, in line with other findings (e.g. Schofield & Georgeson, 1999; Sukumar & Waugh, 2007) ; however that these mechanisms are not entirely independent, as we show substantial interactions between them.
Methods

Apparatus
Stimuli were generated using a custom written C program on a Pentium IV PC. The stimuli were loaded onto the frame-store memory of a Cambridge Research System VSG 2/5 graphics card installed in the computer, which allowed up to 15 bit luminance control. The stimuli were then displayed on a Sony Trinitron monitor running at 150 Hz. The average mean luminance was 63 cd/m 2 .
Calibration
To ensure that luminance artefacts did not interfere in the construction and display of non-luminance stimuli, several steps were taken so that such outputs did not drive unwanted visual responses (Smith & Ledgeway, 1997) . Monitor calibration and gamma correction procedures were carried out every 3-6 months. The range of possible luminance outputs from each gun of the monitor was measured using 768 estimates and the OptiCal photometer head. The monitor's gamma non-linearity was corrected using these estimates and a curve fitting procedure was used to create software lookup tables in the VSG. The linearised output following this procedure was also checked. All experimentally created stimuli across the full range of luminance and contrast modulations generated were carefully checked both in MatLab profile and photometric measurement, and their luminance outputs were measured using the photometer for accuracy. The range of modulations allowed for contrast-modulated stimuli was limited to near 90% to eliminate any luminance cues due to shifts in mean luminance, which might otherwise occur due to the adjacent pixel non-linearity (Klein, Hu, & Carney, 1996) . The targets were presented dynamically to avoid any consistent local luminance cues that can occur due to pixel clumping. Moreover, dynamic presentation is thought to decrease the effects of potential artefacts due to APNL for small pixel sizes (Manahilov, Calvert, & Simpson, 2003) .
Stimuli
In this study, Gaussian functions have been added or multiplied with a binary white noise carrier (1 Â 1 pixel per noise block) to obtain LM and CM stimuli, respectively. Examples of actual LM and CM Gaussian blobs used for the experiment (created for ease of viewing) are shown in Fig. 1 . The figures were generated using MatLab and show pixel by pixel luminance profiles of the stimuli generated by the experimental code. The stimuli can be mathematically expressed as:
Iðx; yÞ ¼ I 0 ½1 þ nNðx; yÞ þ lLðx; yÞ þ mnMðx; yÞNðx; yÞ ð1Þ
where I(x, y) is the luminance at position (x, y), I 0 is the mean luminance, n is the noise contrast, which was fixed at 0.2 for all experiments; N(x, y) is the binary noise value at position (x, y) of À1 or 1, m is the contrast amplitude (where m has a possible range of 0-4) which is 0 for LM stimuli, l is the luminance amplitude (where l has a possible range of 0-0.8) which is 0 for CM stimuli, L(x, y) is the luminance modulation function, a Gaussian where r is its standard deviation, and M(x, y) is the contrast modulation (a Gaussian as above). Thus for generation of LM and CM stimuli, either m or l only was adjusted respectively, the other being set to 0. Both LM and CM targets were created and stored in memory before experimental runs took place. The frame-store memory allowed storage of up to 60 stimulus frames. Five frames of independent samples of Gaussian modulated noise at each of the 11 levels of contrast and five unmodulated noise frames were loaded into the frame-store memory for each experimental run. The stimuli were each presented for 400 ms during a trial, during which, frames were randomly interleaved every three temporal frames, i.e. every 20 ms.
Blob size
The size of the blob was determined by changing the spread of the Gaussian envelope, which was 0.25°for the main experiment. The size was changed to 0.125°and 0.5°in further parts of the experiment.
Observers
Four observers, two naïve observers (PP and HMY) and the authors (IH and SJW) participated in the experiments. An additional naïve observer, RS, was involved in a subsection of the experiments. All observers were corrected for any refractive error and had visual acuity of 6/5 or better. The Anglia Ruskin University Research Ethics Committee approved the conduct of this research, which complied with the tenents of the declaration of Helsinki. Informed consent was also obtained from all the participating observers.
Procedure
All observers underwent several training sessions of 8-10 h, in order to minimise learning effects, though these effects were monitored. Data collection commenced after performance of the observers had stabilised. Data collection occurred over a number of sessions, each about one and a half hours in duration.
Modulation detection thresholds for LM and CM stimuli for each observer were determined by a self-paced temporal 2AFC procedure with the method of constant stimuli. Each trial consisted of two 400 ms intervals, one containing the stimulus and the other containing the unmodulated, dynamic noise carrier of uniform contrast (20%) and constant mean luminance. Each interval was accompanied by an audible tone, separated by a 500 ms interval, during which a mean luminance screen was visible. No feedback was given. In the method of constant stimuli, a series of 11 contrast levels in 1.5 dB steps were presented in random order. The amplitude of the Gaussian was selected based on training sessions so that the observer could perform within that range and that the data approximately spanned the full psychometric function. Each run consisted of 125 trials. Results accumulated across 4-6 runs showed that the overall numbers of trials were evenly distributed across the 11 levels. Measurements were made at a 1 m viewing distance where 1 pixel subtended 0.0275°.
Modulation detection thresholds for LM and CM stimuli were also determined in the presence of flankers that were defined either as the same or different type than that of the target. Target to flanker separation was varied from 0°(overlapping) to 6°a long the horizontal midline. In the 0°separation condition, the test blob was superimposed onto a single reference blob. The stimulus arrangements used for the rest of this study were: LM target flanked by LM flankers (1 1 1); CM target flanked by CM flankers (2 2 2); LM target flanked by CM flankers (2 1 2); and CM target flanked by LM flankers (1 2 1). The contrast of the flankers was set to be around 10 times the detection threshold for a single test blob by changing the amplitude of the corresponding Gaussian envelopes. In a control experiment, the flanking blob amplitude was also varied to different levels of flanker visibility.
Two further control experiments were done. First, the lateral interaction experiment was repeated using 4 cpd LM Gabors with r = 0.25°flanked by 4 cpd LM Gabors at 10 times threshold and compared with 2 cpd CM Gabors with r = 0.5°flanked by 2 cpd CM Gabors at 10 times threshold. This experiment was performed to compare our results with previously published data for standard luminance Gabors (e.g. Polat & Sagi, 1993) and can also be compared with data for the noise-modulated Gabors . The periodicity and size values were chosen based on different peak sensitivity to luminance-and contrast-based gratings reported in earlier papers (Campbell & Robson, 1968; Schofield & Georgeson, 1999) and as measured in our lab (Sukumar & Waugh, 2007) . Second, different blob sizes were chosen (r = 0.125°) for the mixed-type arrangements to see if there was an effect of stimulus size on the spatial interaction patterns for the two types of target.
All experiments were carried out in blocked fashion, whereby within any one session only one condition was tested (e.g. 1 1 1, 2 2 2, 1 2 1 or 2 1 2) across the variable of interest, usually separation, in systematic and counterbalanced order. Each observer completed a different order of condition. The observer was always aware of which condition they were attending to in any session, i.e. which stimulus they were being asked to detect.
Analysis
Thresholds were calculated by combining results measured after practice effects had stabilised, for 4-6 runs (3000-4500 trials) for each stimulus arrangement and target-flanker separation. Data obtained for 11 different contrast levels from the data sets were fed into an MS Excel spreadsheet. Data were pooled and fitted with a Weibull function using Igor Pro software to obtain the contrast threshold (75% correct response), the psychometric function slopes and standard errors of the estimates.
The Weibull function is expressed by the formula:
where th is the estimated threshold at 75% correct response, b is the psychometric function's slope and c is the target contrast (Yu et al., 2002) . The values obtained enabled direct comparison with the findings of Petrov et al. (2006) . In addition, in line with Shani and Sagi (2006) , we also assessed how closely psychometric functions generated for flanked and unflanked stimuli, particularly in regions of facilitation, could be superimposed according to additive and multiplicative neural effects that flankers may, or may not have, on detecting the target blob. Using MATLAB, we regenerated our fitted Weibull functions and calculated shifting values (additive) and scaling factors (multiplicative) by minimising the mean square difference between the two Weibull functions of interest.
Results
Spatial lateral interactions of luminance-modulated and contrastmodulated Gaussian blobs with similarly-defined flanker type
Modulation thresholds measured for LM and CM noise blobs presented alone and with similarly-defined flanker type for our four observers (MIH, SJW, PP and HMY) across flanker separation in degrees are shown in Fig. 2 . LM and CM Gabor targets and flankers were also used, to replicate earlier findings using standard luminance Gabors (e.g. Polat & Sagi, 1993) , to compare them with more recent findings using noise-modulated Gabors and for comparison with our Gaussian modulated noise blobs. These data were obtained only for a single observer (IH), however they do not look dissimilar to other data shown and to previously established data for luminance-only (e.g. Polat & Sagi, 1993) and luminanceand contrast-modulated stimuli (Wong et al., 2005) . They are also not in conflict with other 2D noise-modulated Gabor data , given the contrast of our background noise of 0.2, which is about 4Â its visibility threshold. found that facilitation was significantly reduced for both LM and CM Gabor stimuli with noise at 15Â its visibility threshold, compared with standard luminance Gabor stimuli.
The curve shapes for our LM and CM Gaussian blobs can be more directly compared by calculating relative threshold elevations, i.e. detection thresholds in the presence of flanking blobs relative to those obtained without flanking blobs, across separation. Averaged threshold elevation measures for our four observers across separation, are shown in Fig. 3 . The curves fit to the averaged data represent two added Gaussians with coincident peaks and matching amplitudes (Levi & Waugh, 1993) .
For 1 1 1 and 2 2 2 arrangements (Fig. 3) , marked masking occurs when the target and flankers are overlapping and at very close but non-overlapping separations (0.5°). This is followed by the facilitation region (threshold relative to unflanked threshold value below 1) around 1-2°of target-flanker separation. Thresholds then return to around the normalised value of 1 at larger separations (3-3.5°). The peaks extracted from the double Gaussian fit were for 1.6 ± 1.9°for the 1 1 1 arrangement, and 1.0 ± 2.0°for the 2 2 2 arrangement, though there was no significant difference between them. In addition, a comparison of all individually fitted peaks to 1 1 1 and 2 2 2 data revealed no significant difference (t (3) = 1.315, p = 0.28). The combined spreads of the underlying Gaussians for these similarly sized test blobs (r = 0.25°) were also not significantly different. Similar lateral interaction effects were found using Gabor patches, indicated by dotted lines in Fig. 2 .
A repeated measures ANOVA with Greenhouse-Geisser correction performed on the core data for the four observers confirmed the main findings. That is, the effect of target-flanker separation on threshold elevation is significant [F(1.97, 5.92) = 16.12; p < 0.05], so that thresholds for detecting the test blob are dependent on the position of the reference blobs. However there is no significant interaction between flanker type and separation [F(1.94, 5.82) = 0.56; p > 0.05], so that the change in threshold elevation due to the position of the flanking blobs, is not dependent on the flanker type. Fig. 4a and b compares average threshold elevations (i.e. detection thresholds relative to those obtained without any flanking blobs) with psychometric function slope elevations, (i.e. slopes relative to those obtained without the presence of any flankers) across flanker separation for 1 1 1 and 2 2 2 arrangements, respectively. Estimates of absolute psychometric function slopes measured (across all conditions) ranged from 1.4 to 3.6 (average for no-flank condition of 2.7). Note that in both Fig. 4a and b, the changes in threshold elevation are not consistent with changes in slope elevation, across separation. That is, increases in perfor- mance or decreases in threshold are not consistently reflected by a decrease in slope or uncertainty as would be predicted by the uncertainty hypothesis. In fact, the correlation between threshold elevation and slope elevation is negative and not significantly different from 0, (r = À0.65, p (two-tailed) > 0.05 for 1 1 1 and r = À0.25, p (two-tailed) > 0.05 for 2 2 2). These relationships are shown in Fig. 12 where open circles represent 1 1 1 data and open squares represent 2 2 2 data). In Fig. 4 , there is no significant effect of target-flanker separation on slope values [F(1.81, 5.42) = 0.745; p > 0.05], nor is there a significant interaction between type (1 1 1 or 2 2 2) and separation.
Effect of flanker visibility on detection thresholds for a fixed separation
For this part of the experiment, the separation between the target and flankers was fixed at the peak of the facilitation effect found in the first group of experiments for each participating observer and the visibility of the flankers was varied systematically to examine the effect on target detectability. It was hypothesised that if uncertainty reduction underlies this effect that providing the flankers were readily visible (above about 3Â their detection threshold), facilitation should asymptote and not be affected by further increases in flanker visibility.
Averaged threshold elevations for three observers are shown as a function of detection threshold (or visibility) units (DTU) for same-type stimulus arrangements in Fig. 5a (1 1 1) and Fig. 5b  (2 2 2) . For all LM stimuli (1 1 1), for all observers, the peak of the facilitation effect occurred when the flanking blobs were around two to six times their detection threshold. For all CM stimuli (2 2 2), the peak of the facilitation effect occurred when the flanking blobs were around four times their detection threshold. For both 1 1 1 and 2 2 2, facilitation decreased for both lower and higher flanker visibilities. There was also no consistent pattern of psychometric function slopes to match this change in facilitation pattern.
Spatial lateral interactions of luminance-modulated and contrastmodulated Gaussian blobs with differently-defined flankers
Modulation thresholds were also measured for LM and CM blobs presented alone and with differently-defined flankers for our four observers (MIH, SJW, PP and HMY). Results are shown in Fig. 6 . When a CM blob was flanked by LM flankers (1 2 1), a similar shape to that which occurred for CM flanked by CM blobs (2 2 2), or LM surrounded by LM blobs (1 1 1) was found, although minimal masking occurred for the overlapping condition (0°separation). The results when a LM blob was flanked by CM flankers (2 1 2) however, are different in overall shape. The averaged threshold elevations (detection thresholds in the presence of flanks, relative to unflanked detection thresholds) across separation are shown in Fig. 7 . At almost all target-flanker separations, targets are easier to detect than when presented alone. The 1 2 1 arrangement produced minimal masking when completely overlapped, followed by a point of maximum facilitation, before flattening to a region of mild facilitation at larger target-flanker separations. When detecting LM blobs flanked by CM blobs (2 1 2), maximum facilitation is obtained when target and flankers are overlapping and at the closest but non-overlapping separations. This is followed by least facilitation or minimal masking (varies individually) at 1.5-2°of separation, before flattening to mild facilitation again at larger separations, similar to 1 2 1. Note that in the region of maximum facilitation for 1 1 1, 2 2 2 and 1 2 1, least facilitation is observed in the same region for 2 1 2. There is a significant interaction between separation and flanker type on threshold elevation [F(2.48, 7.45) = 8.31, p < 0.05], i.e. the changes in threshold elevations due the separation between target and flankers, are significantly affected by flanker type. Fig. 8a and b compares the threshold elevations with the slope elevations of the psychometric functions across flanker separation for 1 2 1 and 2 1 2 arrangements, respectively. As for 1 1 1 and 2 2 2 arrangements described earlier, changes in the pattern of elevation of 1 2 1 detection thresholds across separation are inconsistent with psychometric slopes across separation, thought to reflect observer uncertainty level. There is no significant effect of separation on slope [F(1.85, 5.55) = 1.03, p > 0.05] and no significant interaction between the effect of separation and flanker type on psychometric function slope. However for the 2 1 2 arrangement, the pattern of psychometric function slope does appear to follow the pattern of the threshold elevation. The influence of uncertainty, as represented by the slope steepness, on threshold elevation when LM blob was flanked by CM flankers, is reflected by a significant positive relationship between its detection threshold and slope [r = 0.86, p (two-tailed) < 0.01] shown in Fig. 12 . Generally, any elevation in threshold is significantly and positively related to an elevation in slope value (or a steeper slope) and any decrease in threshold elevation is related to the decrease in slope elevation (or a shallower slope).
To further investigate the nature of interactions between the mechanisms that mediate LM and CM targets, the experiment was performed on two observers for different flanker visibilities. In addition to the suprathreshold flankers ($10Â threshold), flankers were set to be around threshold (observer IH) or below threshold (observers IH and HMY) for the 2 1 2 and 1 2 1 arrangements. The results are shown in Fig. 9 . As the strength of the flankers was reduced, one would expect that the level of uncertainty of the observers should be similar to that found if there were no flankers at all. Fig. 9a-c shows the averaged threshold elevations and slopes plotted together across target-flanker separations for the 2 1 2 arrangements. Both threshold and subthreshold flanker amplitudes are still able to influence detection thresholds. The relationship between detection threshold in the presence of these near-visibility flankers and psychometric function slopes under the same conditions is still significant. For the subthreshold flanker condition, data from two observers produce significant Pearson's correlations r of 0.79 (HMY) and 0.68 (IH) (p < 0.05), and for the single observer (IH) with at-threshold flankers, the correlation was also significant (r = 0.69; p < 0.05). The shift upwards of the depth of facilitation with threshold and subthreshold visibility flankers also supports the data for same-type stimulus arrangements shown in Fig. 5 . Fig. 9d-f shows the averaged threshold elevations and slopes plotted together across target-flanker separations for the 1 2 1 arrangements. Unlike the 2 1 2 arrangement, threshold elevation does not change systematically across target-flanker separation as flankers become less visible, and the pattern of slope elevation across separation is inconsistent when flankers are at or below threshold.
Effect of different blob spreads on spatial lateral interactions
To give some insight into the possible neural basis for the measured lateral interaction effects across space, we measured the effects for three different sized blobs. Fig. 10a and b shows the averaged spatial lateral interaction results for LM and CM targets, respectively, when flanked by similar blobs on either side of the central blob. Two other blob sizes (r = 0.125°; r = 0. 5°), in addition to the standard r = 0.25°, were used to measure detection thresholds on two observers IH and RS. Detection threshold elevations are plotted against flanker blob separation in units of degrees. Fig. 10c and d shows the same threshold elevations for the different blob sizes across separation, this time in units of blob standard deviation, for LM and CM blobs, respectively.
The horizontal extent of facilitation scales with the separation between the target and flanker blobs for both 1 1 1 and 2 2 2 when separation is expressed in degrees, rather than in units of blob standard deviation. The pattern of interaction effects for LM and CM targets were similar at the fovea. With r = 0.25°, the masking effect (ratio > 1) is observed when target and flankers are overlapping (up to 150% increase in threshold ratio) for both 1 1 1 and 2 2 2 arrangement. This effect decreases as the separation between target and flankers increases. The relative amplitude of facilitation and masking varies systematically with blob size. Less facilitation and more masking are observed with the larger blob size and larger facilitation and less masking are achieved with the smaller blob size. Fig. 11a and c shows the averaged spatial lateral interaction results for CM and LM targets, respectively, when flanked by differently-defined blobs on either side of the central blob expressed in degrees. Two blob sizes were used (r = 0.125°; r = 0.25°) to measure detection thresholds of IH and RS. Detection threshold elevations are plotted against flanker blob separation in units of degrees. Fig. 11b and d shows the same threshold elevations for the different CM and LM blob sizes across separation in units of standard deviation (SDU). Although for the 1 2 1 arrangement, a similar pattern occurs with changing blob size to the 1 1 1 and 2 2 2 arrangements, the 2 1 2 arrangement is more robust to these changes.
Discussion
Our noise blobs, being broad-band in both orientation and spatial frequency appear to have engaged lateral facilitation mechanisms in a similar way to oriented Gabor stimuli. Previous studies, though finding facilitation primarily for collinear Gabors, have also found facilitation for orthogonal Gabors at lower flanker visibility levels (e.g. Yu et al., 2002) . Our stimuli may engage signals from multiple orientation-sensitive cells to improve test blob detectability. By positioning high visibility blobs to either side of the test blob, a global orientation cue is reinforced, which may hone facilitation towards the test blob. Our stimuli, not being orientation specific, may also have an advantage in tapping into different levels of visual processing, which might not be as orientation specific as V1, but may be more specific to other characteristics such as texture or contrast differences.
The objectives of this study were twofold: (a) to investigate the nature of spatial interactions between luminance-modulated and contrast-modulated stimuli, and (b) to determine whether the uncertainty reduction hypothesis can explain patterns of spatial interaction and if not, whether a neural basis is indicated. We will address the role of uncertainty first.
Our results suggest that an uncertainty reduction hypothesis cannot account for many of the lateral interaction effects measured, particularly the facilitation effect. Our psychophysical paradigm allowed us to assess the full psychometric function for all threshold measurements. Psychometric function slopes are thought to reflect observer uncertainty in performing the detection task (Pelli, 1985; Petrov et al., 2006) . In our experiments, observers were always aware of which stimuli to expect, i.e. sizes, types and positions of target and flankers. The source of observer uncertainty was the exact spatial position of the detection stimulus, although it was known to be always positioned at the centre of the screen and midway between the flanking blobs, if present. A source of additional uncertainty to the visual system may have been the exact energy spectrum across spatial frequency (and orientation) of the target, as blobs consisted of modulated noise. Our results show that the effect of lateral flankers placed at various separations from the target for all LM stimuli (1 1 1) or all CM stimuli (2 2 2) have similar effects on the target detection thresholds. The patterns of slopes however, do not follow the patterns of threshold elevation or reduction, as would be expected by the uncertainty reduction hypothesis. Uncertainty models assuming multiple mechanisms (e.g. Davis et al., 1983; Green & Swets, 1966) predict that with high visibility flankers, observers only monitor the relevant mechanism, irrespective of the type of the target. However we also show that for mixed conditions, where the test and flanking blobs are defined differently (i.e. 1 2 1 and 2 1 2), the patterns of lateral interaction on detection thresholds are very different to each other. This in itself suggests that uncertainty reduction cannot explain the facilitation (or masking) effects measured. When all thresholds and slopes for all stimuli are combined as in Fig. 12 , it can be seen that there is not a strong association between thresholds and slopes, except in the 2 1 2 case, where LM stimuli are to be detected between CM flankers (to be discussed later).
Our results seem incompatible with those of a recent study by Petrov et al. (2006) , who suggested that uncertainty reduction is strongly correlated with the facilitation effect for luminance-modulated Gabor stimuli. They found a 27-46% reduction of threshold for detecting the target, when a circle or four faint lines surround it, in addition to the collinear flanking Gabors. They argued that the energy of the faint position cues that they used was low enough not to contribute to low-level neural interactions. However a recent finding by Vickery, Shim, Jiang, Chakravarthi, and Luedeman (2009) showed that crowding can be enhanced when a target is weakly masked by a surrounding contour; suggesting that any additional location or orientation cues could actually elicit neural responses.
In addition, the results of Petrov et al. (2006) were obtained at only a single flanker separation, which might not be sufficient to fully explore the relationship between the changes in threshold and the possible uncertainty involvement. Unmatched thresholds and slopes have also been found for overlapping stimuli in a contrast discrimination task (Meese, Georgeson, & Baker, 2006; Waugh & Hairol, 2008) . If uncertainty does not limit thresholds in most cases (with the exception of the 2 1 2 case), then what evidence is there to support a neural basis to support spatial interactions, particularly facilitation?
In Fig. 5 , we examine the effect of flanker visibility on facilitation. Most of the facilitation is observed when the flanker visibility is approximately five times detection threshold, with less being observed for both lower and higher flanker visibilities. This too suggests a neural mechanism (perhaps via altering the position along the contrast response transducer function for the target detection mechanism e.g. Solomon et al., 1999) , as a non-neural (uncertainty) mechanism would predict that target detection thresholds should decrease only until the flankers become consistently noticeable, thereafter levelling off. In a similar vein, Yu et al. (2002) found facilitation of contrast detection by cross-surround stimuli that showed a similar pattern of results to our Fig. 5 , and suggested that their results could not be accounted for by uncertainty change, but rather by a neural-like, low-level, signalto-noise enhancement. We also show that the effect of lowering flanker visibility, even to threshold visibility and just-below threshold where they are invisible, still produces inverted patterns of results for 1 2 1 and 2 1 2 (Fig. 9 ). For the 2 1 2 arrangement, there is little change in the position of the function. These findings again support the suggestion that the lateral interaction patterns that we are measuring are a result of the output of neural mechanisms, rather than any straight forward uncertainty reduction mechanism.
As mentioned in the introduction, other models of possible neural interaction underlying lateral facilitation do exist, other than low-level signal-to-noise enhancement (Yu et al. (2002) . In general, they suggest that the contrast response (transducer) properties of the detection mechanism underlying the target are modified either directly, by the flankers falling into the same receptive field (Solomon et al., 1999) or indirectly, via lateral connections between receptive fields in a similar way to that proposed for facilitation and masking using superimposed stimuli. Lateral connections could also lead to changes in the contrast response profile through multiplicative processes (e.g. Chen & Tyler, 2001) or by an additive shift to the position of its operating range (e.g. Zenger & Sagi, 
1996
). If such changes occur for facilitation, they may lead to predictable changes in psychometric function slope (Shani & Sagi, 2006) . In the region of collinear facilitation, Shani and Sagi (2006) found that Weibull functions for flanked and unflanked thresholds were better superimposed by adding a shift, rather than scaling it multiplicatively, favouring the additive model. They also argued against an uncertainty reduction explanation. We have manipulated our psychometric functions in a similar way, however our results on average were inconclusive with regards to distinguishing between an additive or a multiplicative change to the psychometric function, i.e. 50% were better superimposed with each, in any condition (1 1 1, 2 2 2, 1 2 1 or 2 1 2). However our results are not necessarily inconsistent with the suggestion that facilitation could be a result of changes to the transducer target detection response function.
4.1. Neural basis of LM and CM findings: separate mechanisms from separate stages?
As mentioned in the introduction, many psychophysical researchers now support the idea that separate neural analysers or mechanisms exist for the processing of LM and CM stimuli. Based on the findings showed in Fig. 3 (showing similar spatial interactions for 1 1 1 and 2 2 2 stimuli) and Fig. 5 (showing similar visibility effects on facilitation for 1 1 1 and 2 2 2 stimuli), these analysers behave similarly (also as per Schofield & Georgeson, 1999) . Although spatial summation areas for the detection of contrast-modulated stimuli like ours have been found to be two to three times larger than for luminance-modulated stimuli (Sukumar & Waugh, 2007) , the current experiments use highly visible flankers that are equated for visibility for each system. Thus it is not necessarily surprising that similar lateral interaction patterns are found. In line with a previous study using a suprathreshold contrast matching task (Ellemberg et al., 2004) , the extent of the facilitation region for contrast-modulated stimuli was found to be slightly, but not statistically significantly, shorter for contrastmodulated stimuli when expressed in degrees, possibly indicative of differences in horizontal connection lengths in their respective areas of processing. We propose that the lateral spatial interaction patterns where the target and flankers are defined differently (Figs. 6 and 7) are strongly suggestive of cross-links between the processing streams for luminance-modulated and contrast-modulated stimuli for target detection and that processing occurs at different loci in the visual system. One other study that we are aware of has investigated threshold facilitation between luminance-modulated and contrast-modulated test and flanking stimuli using 1D sinusoidal and noise Gabors (i.e. in 1 2 1 and 2 1 2 arrangements) for two observers. Their results show facilitation for 1 2 1 but not for the 2 1 2 arrangement for one observer. However they compared results for a single target separation (likely to be at the peak facilitation point that they found for their 1 1 1 and 2 2 2 conditions), missing the full pattern of interaction effects. If we had only tested at 1°separation, we would have essentially replicated these results. We now consider how neural mechanisms at different loci could potentially explain the results of the current study.
In Fig. 10a and b, where lateral interactions for 1 1 1 and 2 2 2 stimuli are shown for different sized stimuli, it is apparent that the relative extent of facilitation scales with separation when expressed in degrees (at around 2°). This is in line with the findings for other crowding and detection tasks at the fovea (e.g. Levi et al., 2002) . When expressed in this way, the shift of peak magnitude of facilitation as separation increases for different blob sizes suggests that there are separate mechanisms that are sensitive for each blob size. That is, the peak facilitation point scales with separation when expressed in standard deviation units at 6-8 sdu's. The finding that facilitation extent scales in degrees, supports the idea that the mechanisms for detecting each blob, irrespective of its size, are affected by signals from flankers that travel along physical connections of similar length, i.e. over a fixed cortical distance. Such fixed connections between mechanisms could reflect activity via long-range intrinsic connections that interconnect like-orientation columns in V1 (Fitzpatrick, 2000; Gilbert, 1998) , or perhaps between like-type stimuli. Indeed in the classic paper on facilitation for detection for collinear Gabor stimuli across space (Polat & Sagi, 1993) and in others (e.g. Crook et al., 2002; Polat & Norcia, 1996) it has been suggested that facilitation, achieved with flankers placed outside the classical receptive field, is due to long-range connections between different receptive fields of the visual cortex. Subsequently it was argued ) that these long-range intrinsic connections are far too short to account for the facilitation effects measured psychophysically, as earlier findings had revealed that an extent of 1-2 mm in primate area V1 (Amir, Harel, & Malach, 1993; Lund, Yoshioka, & Levitt, 1993) and 2-3 mm in V2 (Amir et al., 1993) . However more recent findings by Angelucci et al. (2002) and Angelucci and Bullier (2003) reveal that these connections could extend up to 9 mm in macaque V1, casting some doubt on the true length of these connections and their differences in neighbouring visual areas. In summary, it seems again possible that these connections could account for some of the effects found in our study. Psychophysically too, the propagation velocities of facilitative interactions for luminance-modulated Gabors has been shown to be consistent with depolarising activity via horizontal connections across striate cortex (Cass & Spehar, 2005; Huang & Hess, 2008) .
The strength of the interaction however, appears to be dependent on the size of the stimuli as will now be discussed.
Recently it has been suggested that receptive field centres of neurons in visual cortex are dynamic and vary in size depending on the target used to measure them (Angelucci et al., 2002; Angelucci & Bullier, 2003; Sceniak, Ringach, Hawken, & Shapley, 1999) . The receptive field centre can be on average two times larger when a low contrast target, compared to when a high contrast target, is used (Angelucci et al., 2002; Angelucci & Bullier, 2003; Sceniak et al., 1999) . This means that potentially, facilitation achieved by flankers could occur for stimuli within the same receptive field of a striate neuron, which simplistically is analogous to happening within a single psychophysical mechanism or channel in the visual system. It is thought that the increased size of the receptive field centre for low contrast targets corresponds to the extent of horizontal connections (Angelucci & Bullier, 2003) , which is in line with our findings that the extent of facilitation scales with fixed length units. Closer inspection of the facilitation effects for LM and CM in Fig. 10 shows that most facilitation is observed when blob size is smallest (r = 0.125°) and least facilitation when the blob size is largest (r = 0.5°). The possible physiological explanation for this finding is that in detection task for the small target, the low blob contrast expands the excitatory centre region. It is possible that the flankers now fall within this region, leading to summation and thus enhancing or facilitating the response. When larger blob sizes are used for the same separation in degrees, the flankers become physically closer and therefore more visible. This could cause the excitatory region to shrink, so that the flankers' facilitatory effect is weakened. For example, the large flankers could then fall partly onto the suppressive surround region, thus reducing the neuron's response. Such a mechanism has been found neurophysiologically (Walker, Ohzawa, & Freeman, 2000) , where a series of drifting gratings of variable sizes were used and it was found that simple and complex cells in the visual cortex do exhibit suppression of varying magnitude.
The pattern of lateral interactions for LM and CM stimuli are similar when the target and flankers are of the same type. However, the pattern of results that occurs between target and flanking stimuli of different type reveal some distinct differences that are difficult to explain by engaging only similar mechanisms at a single physiological locus such as just described (but see feed-forward, within-channel considerations below). More evidence has emerged that modulation of a neuron's response goes beyond than that of the classical receptive field view; in fact it involves the combination of feed-forward, lateral and feedback connections (Hess & Field, 1999; Lamme, Supèr, & Spekreijse, 1998; Ross, Grossberg, & Mingolla, 2000; Schwabe, Obermayer, Angelucci, & Bressloff, 2006) . Looking at the largely facilitatory effect that is observed when target and flankers are of different type, it is likely that responses from these stimuli do not arise from a restricted, local visual processing area. Although the pattern of results when detecting a contrast-modulated target between luminance-modulated flankers (1 2 1) is similar to that found for same stimuli (1 1 1 and 2 2 2), be it with substantially less masking in the overlapping condition (see Waugh & Hairol, 2008) , the pattern of results for detecting a luminance-modulated target between contrast-modulated flankers (2 1 2) is markedly different. In addition, we have also shown that unlike the other three conditions, for the 2 1 2 condition there is a significant correlation between threshold and slope, suggesting a possible role of uncertainty reduction in explaining threshold changes. Two other pieces of evidence support the suggestion that the 2 1 2 condition is limited differently than the other conditions. First, the 2 1 2 condition is more robust to changes in stimulus size. Fig. 11 shows little shift in vertical positioning of the 2 1 2 function with decreases in target size and a variability in horizontal positioning, whereas like the 1 1 1 and 2 2 2 conditions, the 1 2 1 does show similar shifts up with a larger size, and the peak of facilitation scales with size when expressed in standard deviation units. Second, we have found in a different study (Waugh & Hairol, 2008) , that when the stimuli completely overlap, the 2 1 2 condition shows an especially strong practice effect, which is more easily related to an uncertainty hypothesis. The results shown here are highly practiced ones.
We would suggest that the apparent role of uncertainty only for the 2 1 2 condition, could be explained if one considers that the psychophysical results reflect the output of neurons from different loci. We therefore propose the following model which has three assumptions: (1) LM information is processed directly in V1 and CM in V2 (or V1 via V2), (2) the stage where the target information is combined mediates detection threshold and (3) the 2 1 2 condition requires feedback or descending input from a higher locus, possibly V2, whereas in the 1 2 1, LM flankers elicit primarily feed-forward connections to combine with responses to the detection of CM stimuli, via mechanisms in V2. Johnson, Prins, Kingdom, and Baker (2007) found that perception of second-order texture is enhanced when they were combined with spatially correlated first-order texture. We suggest that with 1 2 1, the detection of second-order target is enhanced after its filter-rectify filter processing stages by the addition of first-order input, possibly obtained from a different loci in the visual system via a feed-forward mechanism. It is speculated that feedback or descending input required before combination in the 2 1 2 condition serves to increase the uncertainty level (or increase the delay) within the visual system, so that threshold is now limited by it, rather than summation or horizontal connections within a single locus. This is plausible if the dynamic centre region response is regulated by horizontal connections, and the surround region is modulated primarily from feedback connections from higher visual areas (Angelucci et al., 2002; Angelucci & Bullier, 2003) . Evidence for a delay in processing time for contrast-modulated stimuli in spatial vision has been found electrophysiologically (Calvert et al., 2005) . Possibly the involvement of different visual areas and stages, particularly where feedback from higher visual areas needs to be combined before a decision is made, raises the uncertainty before the output of a mechanism is finalised and final decision is made.
The actual physiological processing site for CM targets is still in debate (e.g. Calvert et al., 2005; McGraw et al., 1999; Wong et al., 2005) . Based on the current psychophysical data, especially in conditions where the stimuli of different type are interacting across space, the idea that there different physiological processing sites or loci for LM and CM is certainly plausible. Sukumar and Waugh (2007) have found using very similar noise stimuli to those used here, that spatial summation areas for CM stimuli are about two to three times larger than measured for LM stimuli. When comparing psychophysical summation sizes for LM and CM stimuli across retinal eccentricity, with physiological receptive field size variations across eccentricity in areas V1 and V2, there was some similarity, although the authors did not rule out the possibility of processing for both, occurring within V1. Shushruth, Ichida, Levitt, and Angelucci (2009) and Zhang et al. (2005) have also found classical receptive field and surround sizes to be substantially larger in V2. As mentioned earlier, Wong et al. (2005) by deduction, suggested that facilitation for CM stimuli might require binocular processing mechanisms more likely to exist in V2. Furthermore, we have found that facilitation for CM stimuli occurs more dichoptically than for LM stimuli ) and that CM stimuli produce an enhanced binocular response to that found for LM stimuli in normal vision (Waugh, Lalor, & Hairol, 2009 ). These findings give further support to the nature of dual processing sites for LM and CM stimuli, despite similarity in the characteristics of these separate processing mechanisms (e.g. in Figs. 2, 3 and 10) .
Considerations of a feed-forward, within-channel interaction explanation
Our results for the 2 1 2 separation profile are consistent across practised observers. The greatest facilitation is found for the overlapping condition, although for all but 1 observer (HMY), mild facilitation also occurs for a separation of 0.5°. It also occurs for all four observers for separations from 1.5 to 3°and for three of four observers for the 4.5°and 6°separations.
An alternative explanation to explain the facilitation effect found for our 2 1 2 condition (as we do not argue for a feedback mechanism for the other conditions), particularly when the stimuli overlap (e.g. Figs. 6, 7, 8b and 9) is a feed-forward, within-channel hypothesis, in which the signal-to-noise ratio in a low frequency luminance channel (the most active for Gaussian stimuli) could become higher in the superimposed condition than in the unflanked condition and drive thresholds down resulting in facilitation. Although independently, our (dynamic) contrast-modulated blob stimuli have no consistent luminance components and spectral energy is spread equally across all spatial frequencies much like the noise background, when a luminance-modulated Gaussian blob is superimposed on a high-visibility contrast-modulated Gaussian blob, luminance energy is introduced, particularly at low spatial frequencies (although so too are higher noise levels). We have calculated amplitude spectra directly from our experimental stimuli (averaged over five random target images and five noise comparison images) using threshold detection values. In Fig. 7 , thresholds for detecting flanked stimuli are compared with those for unflanked stimuli in order to calculate threshold elevation. It is necessary to compare amplitude spectra for the stimuli used in our 2AFC experiments. So, the amplitude spectra for: (1) the luminance-modulated blob superimposed on the contrast-modulated pedestal blob, versus the comparison contrast-modulated pedestal blob alone (to find the 0 separation 2 1 2 threshold) can both be passed through a plausible broad low-pass spatial frequency channel (e.g. Wilson, 1983) . This channel output difference can then be compared with that found for: (2) the luminance-modulated blob in noise, versus the unmodulated noise background (to find the unflanked 2 1 2 threshold). One simple model is that if the observer's decision (and threshold) is driven by a feed-forward single-channel process, then the greater difference within the most effective channel should be associated with the lowest threshold.
For the small number of actual threshold images analysed (five signal and five comparison images used in each of our superimposed and unflanked experiments), difference outputs were similar, though on average higher for the unflanked luminance test in noise. The results do vary substantially for the superimposed 2 1 2 condition in particular and the noise levels are much higher. This means one can find, isolated pairs of threshold images where the channel output produces similar or slightly more energy in the low spatial frequency luminance channel for the superimposed 2 1 2 stimulus, which could potentially result in similar or lower detection thresholds (i.e. facilitation). A separate analysis involving much larger numbers of stimulus averages (360-50,000!), reveals consistently higher difference amplitudes (by 30-300%) at low spatial frequencies for the unflanked luminance blob condition, which should result in mild threshold elevation in the overlapping 2 1 2 condition, rather than the facilitation that we consistently find. We are conducting further investigations into cue combination in the overlapping condition in our laboratories (Waugh & Hairol, 2008) .
In addition to the aforementioned simple analysis, we do not believe that luminance energy differences are driving detection thresholds for our 2 1 2 condition for the following reasons. First, our observers did initially show threshold elevation for overlapping stimuli, but with practice all showed facilitation (particularly for the overlapping condition) which is quite robust. With practice, observers described a high contrast ''speckle" that became the salient cue for detection. Data were obtained after practice and averaged across at least 6 runs (using up to 5000 image combinations across the psychometric function). Second, psychometric function slopes for the 2 1 2 condition only, do appear to correlate with threshold, suggesting that uncertainty is correlated with detectability. We have suggested that uncertainty may arise from feedback from higher order visual processing, or it may be a consequence of higher noise levels being passed through to the rectification stage prior to feedback to the first-order stage (i.e. they do not appear to affect 2 2 2 where combination presumably occurs at an alternatives single locus). The facilitation threshold appears robust, once the ''speckle cue" is learned (though the variability of noise in the image hasn't changed). Third, thresholds for the 2 1 2 condition are more robust to changes in stimulus size and stimulus visibility than for the other conditions (Figs. 9  and 11 ). Taken together, we suggest that our findings are not compatible with simple feed-forward visual processing and appear to indicate feedback from higher visual and/or cognitive processing mechanisms.
Conclusion
Uncertainty reduction alone cannot explain the pattern of lateral interactions across space between luminance-modulated (LM) and contrast-modulated (CM) stimuli in vision. Facilitation for detection across space occurs for both LM and CM stimuli in a similar fashion including depth and extent. We show however, that different loci of processing are likely to exist in order to process LM and CM stimuli across space, as we reveal significant interactions occurring between them. Neural mechanisms must be engaged to explain our findings. Regardless of the model adopted, analysis of our data is suggestive of the involvement of different loci in the visual system for LM and CM processing. We suggest that CM flankers elicit feedback from higher visual areas via feedback, or descending input, and that the output is combined to modulate responses of cells responding to the LM target. Uncertainty may be raised as a result of feedback via flanking stimuli and in these cases uncertainty reduction does appear to play a role in facilitation.
